Vessel Enhancing Diffusion Filter

Release 1.00
Andinet Enquobabhrie 1 Luis Ibanezl, Elizabeth Bullitt? and Stephen Aylward1

July 6, 2007

IKitware Inc.
2CASILab, The University of North Carolina.

Abstract

This paper describes vessel enhancing diffusion (VED)r$iltmplemented using the Insight Toolkit
(ITK) [ 2]. The filters are implementation of the VED algorithm deyedd by Manniesing et a4]. The
VED algorithm follows a multiscale approach to enhance &ssasing anisotropic diffusion scheme
guided by vesselness measure at a pixel level. Vesselndsteisnined by geometrical analysis of the
Eigen system of the Hessian matrix. For this purpose, a dmdotersion of the Frangi's vesselness
function [1] is formulated. Experiments were conducted to evaluatgéréormance of the VED filters
in enhancing vessels in lung CT scan.
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1 Introduction

Accurate quantification and visualization of vascularduites is critical in diagnosis and treatment of vas-
cular diseases. Success of interventional clinical prae=dsuch as bypass surgery and coronary artery
stenting require accurate visualization of vascular stines during the planning stage. Similarly, effective-
ness of diagnostic procedures such as stenosis gradingdtepe accurate quantification of the vascular
structures.

Various vascular imaging techniques are deployed in @lrpeactices. Among two dimensional techniques,
Digital Subtraction Angiography(DSA) have been the moshewnly used technique for visualization of
blood vessels. However, slowly three dimensional imageehmiques such as CTA (Computed Tomography
Angiography) and MRA (Magnetic Resonance Angiography)@eming the imaging technique of choice
in clinical settings. Vessel segmentation algorithms dtenoapplied to volumetric data produced from
these modalities. For this purpose, several segmentaibmigques have been extensively develo@dio
increase the effectiveness of segmentation algorithnssev@nhancement procedures are often first applied
to images containing vascular structures as a preprocessap. Consequently, the performance of the
enhancement algorithm tremendously impact the resuliseo$¢gmentation algorithm.

Furthermore, enhancement algorithms are useful for vistetpretation of 3D vascular images. Clinicians
often generate maximum intensity projects (MIP) imagesisual analysis of the massive amount of data
produced by 3D imaging techniques. However, occurrences@flapping non-vascular anatomical struc-
tures greatly affect visualization of vascular structureMIP images. Moreover, small blood vessels with
low contrast edges are not clearly visible in MIP images. lleviate these problems , enhancement algo-
rithms are first applied on the vascular images to suppressascular overlapping structures and improve
delineation of small blood vessels.

1.1 Overview of VED algorithm

VED algorithm is based on anisotropic diffusion scheme egdidy likelihood of vesselness at pixel level.
It is basically a smoothing filter with the strength and dii@t of diffusion is determined by vesselness
measure. The likelihood of vesselness is measured by anglyfze eigen system of the Hessian matrix.
Several vesselness functions have been proposed. Margi¥e®ED algorithm (B])is based on Frangi’'s
vesselness function. For sequentially increasing magmisize eigen values of a Hessian matrix

A1l < A2 < [As|

Frangi’'s vesselness function is composed of three compeh@mulated to discriminate tubular structures
from blob-like and/or plate-like structure as shown in Bipral
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a, B,y are thresholds which control the sensitivity of the vesssednrmeasure.
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However, Frangi’s vesselness function is not continuouscam't be used in the diffusion process. Hence,
Manniesing et al proposed a smoothed version of Frangisehesss function as shown below.
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For a multiscale analysis, the vesselness function is ctedpior a range of scales and the maximum
response is selected.

V= rnaxﬂminSGSGmx VS()\) (6)

Next, a diffusion tensor is defined in such a way that diffas®promoted along the vessel but prohibited
perpendicular to the vessel.

D=Q\Q" 7)

WhereQ is a matrix containing eigen vectors of the Hessian matrik)aris a diagonal matrix containing
the following elements

Ap=1+W—1)Vs
Ay =Ag=1+(e—1).VS

Whereg, w andS are algorithm parameters.

Using this tensor definition, a diffusion equation is forateld as follows

L =0. (DOL) 8)

Vascular structures will be enhanced by evolving the imagemling to the above diffusion equation.

2 VED Filters Design in ITK

VED algorithm implementation consists of two main partseTinst part involves implementation of filters
to compute smoothed Frangi’s vesselness measure for aigihage. The second part involves implemen-
tation of the anisotropic diffusion filters for vessel enbament.
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2.1 Smoothed Frangi's Vesselness Measure Computing Filters

Two filters were implemented to evaluate Frangi’'s vesselmasasure in a multiscale framework. The
first filter, HessianSmoothed3DToVesselnessMeasurelRidgecomputes vesselness measure at a single
scale. The second filter, MultiScaleHessianSmoothed3B3s&inessMeasurelmageFilter computes the
maximum vesselness response from a range of scales. Toau$dtehfor a multiscale analysis, a user
has to specify minimum, maximum sigma values and numberadésc The filter computes and selects the
maximum vesselness response at exponentially distributetber of scales between the specified minimum
and maximum sigma values.

These filters are derived from the k: : | mageTol mageFi | t er . For each pixel, Hessian matrix is computed
using thei t k: : Hessi anRecur si veGaussi anl mageFi | t er filter. This filter computes Hessian matrix by
convolving the input image with second and cross derivatofehe Gaussian function.

The multiscale filter has the following main public methods.
1 To set minimum sigma value
SetSigmaM n ( double );
2 To set maximum sigma value
Set Si gnaMax ( double );
3 To set the number of sigma steps

Set Nurmber OF Si gmaSt eps( int );

AppendixA shows an example on how to use this filter.

2.2 Anisotropic Diffusion Filters for Vessel Enhancement

The implementation of the anisotropic filters follow the tiindifference solver framework. The implemen-
tation consists of two components: solver object ( itkAtspicDiffusionVesselEnhancementimageFilter
) and a specialized finite difference function object ( ithk#atropicDiffusionVesselEnhancementFunction
). The solver object establishes the infrastructure foepting input image and producing output image.
In addition, the solver object uses the specialized finitieidince function object to perform the diffusion
equation computation at each pixel for several iteratidie solver object and the the function objects are
derived from itk::FiniteDifferencel mageFilter and itk::FiniteDifferenceFunction respec-
tively. Figurel shows the flowchart for the vessel enhancement diffusiooridfgn. An example program
that demonstrates how to use this filter is provided in appeRd

3 Experiments and results

Experiments were conducted to test the effectiveness &f #i2 algorithm in enhancing vessels in a whole
lung CT scan. Figur@ shows lung CT scan used to test the algorithm.

The testing dataset is distributed as part of the source salaission to the Insight Journal. Readers are
encouraged to build the source code and run the algorithnmemtesting dataset. In the first experiment,


http://www.itk.org/Doxygen/html/classitk_1_1ImageToImageFilter.html
http://www.itk.org/Doxygen/html/classitk_1_1HessianRecursiveGaussianImageFilter.html
http://www.itk.org/Doxygen/html/classitk_1_1FiniteDifferenceImageFilter.html
http://www.itk.org/Doxygen/html/classitk_1_1FiniteDifferenceFunction.html
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Figure 1:VED ITK filter flowchart



Figure 2:Testing dataset: A) Lung CT scan B) Cropped ROI

Frangi's vesselness filters were run on the testing datasetiuate the performance of the filter on a single
scale and a range of scales. The results are shown in RBg\Wvih a sigma value of 0.5, small size vessels
are enhanced as shown in Fig@®. If the scale is increased to a sigma value of 4.0, large\assels are
enhanced (Figur8C). To enhance vessels with varying size, the image was rongh Frangi’s multiscale
filter with a sigma range of [0.5 4.0]. The result is shown igu¥e 3D. As clearly evident from the result,
multi scale analysis is useful in enhancing various sizeelssavailable in the scan. This is very useful for a
complete vascular structure enhancement and reconstiué&lthough the vascular structures are generally
enhanced, , the results show that the vesselness measigilysdensitive to noise pixels.

In the second experiment, the performance of the VED filters @valuated. VED filter was run on the same
Lung CT scan. The results are shown in Figdrel'he VED filter was operated in a multiscale framework
with computations at 10 sigma values exponentially digted in sigma value range [0.5 4.0]. The diffusion
process was analyzed for different number of iteration® rEisults for 10, 25 and 50 number of iterations is
shown in FiguredB, 4C and4D respectively. Overall, the results show that VED filterbamce the vascular
structures better than Frangi's vesselness measure. itioad® ED filters are less affected by noise pixels.
Furthermore, with the increase in the number of iteratiansncreased smoothing effect was observed.

4 Conclusions

In this paper, we have described VED filters implementedqu$irK. The implementation is based on

the algorithm by Manniesing et adi]l VED algorithm uses vesselness measure based on Hesgjan Ei
system to guide a diffusion process. Experiments were aiaduo evaluate the performance of the filters
in enhancing vessels in Lung CT scans. Visualizing the ergtimages showed that VED algorithm

performs better than Frangi's vesseleness measure.



Figure 3:Frangi vesselness results: A) Original image B) sigma=0.5 C) sigma=4.0 D) Multiscale analysis sigma=[0.5
4.0]
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Figure 4: VED algorithm results: A) Original image B) Number of iterations = 10 C) Number of iterations = 25 D)
Number of iterations = 50
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A Example 1 - Computing vesselness measure

#include "itkMlti Scal eHessi anSnoot hed3DToVessel nessMeasur el mageFil ter. h"
#include "itklmageFi |l eReader. h"

#include "itklmageFileWiter.h"

#include "itkRescal el ntensitylmgeFilter.h"

int main(int argc, char* argv [] )

{
if ( argc <3)
{
std::cerr << "Mssing Parameters: "
<< argv[ 0]

<< " | nput_I nage"

<< " Vessel Enhanced_Qut put _| mage"

<< [SigmaM n Si gmaMax Number Of Scal es] " << std::endl;
return EXIT_FAI LURE;

}

Il Define the dinension of the inages

const unsigned int Dinension = 3;

t ypedef short | nput Pi xel Type;

typedef doubl e Qut put Vessel nessPi xel Type;

Il Declare the types of the images
typedef itk::lnmage< |nputPixel Type, Dinension> | nput | mageType;

typedef itk::lmge< CQutputVessel nessPi xel Type, Di mension> Vessel nessQut put | mageType;
typedef itk::lnageFileReader< InputlnageType > | mgeReader Type;

| mgeReader Type: : Pointer  reader = | nageReader Type:: New();
reader->SetFil eName ( argv[l1] );

std::cout << "Reading input image : " << argv[1l] << std::endl;
try

{

reader - >Updat e() ;

}
catch ( itk::ExceptionChject &err )
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{

std::cerr << "Exception thrown: " << err << std::endl;
return EXI T_FAI LURE;

}

Il Declare the type of nultiscale vesselness filter
typedef itk::MiltiScal eHessi anSmoot hed3DToVessel nessMeasur el mageFi | ter<
[ nput | mageType,
Vessel nessQut put | nageType>
Mil ti Scal eVessel nessFi | terType;

Il Create a vesselness Filter
Mil ti Scal eVessel nessFilter Type:: Pointer MiltiScal eVessel nessFilter =
Mil ti Scal eVessel nessFilterType:: New();

Mil ti Scal eVessel nessFil ter->Set|nput( reader->CetQutput() );

if (argc >=4)
{
Mil ti Scal eVessel nessFil ter->Set SignmaM n( atof (argv[3]) );

}

if ( argc >=5)
{
Mil ti Scal eVessel nessFil ter->Set Si gmaMax( atof (argv[4]) );

}

if (argc >=6)
{
Mil ti Scal eVessel nessFil t er->Set Number O Si gmaSt eps( atoi (argv[5]) );

}

try
{
Mil ti Scal eVessel nessFilter->Update();

}
catch( itk::ExceptionChject & err )
{
std::cerr << "Exception caught: " << err << std::endl;
return EXIT_FAI LURE;

}

std::cout << "Witing out the enhanced image to " << argv[2] << std::endl;

I/ Rescal e the output of the vesslness inmage
typedef itk::|mage<unsigned char, 3> Qut put | mageType;
typedef itk::Rescal elntensitylmageFilter< Vessel nessQutputlnmageType,
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Qut put | mageType>
Rescal eFi | t er Type;

Rescal eFil terType:: Pointer rescale = Rescal eFilterType:: New();
rescal e->Set I nput( Milti Scal eVessel nessFilter->GetQutput() );
rescal e->Set QutputM nimum( 0 );

rescal e- >Set Qut put Maxi munm( 255 );

rescal e->Updat e() ;

typedef itk::lnmageFileWiter< QutputlnmgeType > | mgeWiterType;
| mageWiterType::Pointer witer = ImageWiterType:: New();

witer->SetFileName( argv[2] );
witer->Setlnput ( rescale->CetCQutput() );

try
{
witer->Update();

}
catch( itk::ExceptionCbhject & err )

{

std::cerr << "Exception caught: " << err << std::endl;
return EXI T_FAI LURE;

}

return EXI T_SUCCESS,

B Example 2 - Vessel enhancement using VED filter

#include "itkAnisotropicDiffusionVessel Enhancenent | mageFilter.h"
#include "itkl mageFi | eReader. h"
#include "itklmageFileWiter.h"

int main(int argc, char* argv [] )

{
if (argc <3)
{
std::cerr << "Mssing Parameters: "
<< argv[ 0]

<< " | nput_I mage"
<< " Vessel Enhanced CQutput Image [SignmaMn SigmaMax Number O Scal es Nunber Of |
return EXIT_FAI LURE;

}
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Il Define the dinension of the inmages
const unsigned int Dinmension = 3;

typedef doubl e | nput Pi xel Type;

t ypedef doubl e Qut put Pi xel Type;

Il Declare the types of the images

typedef itk::lnmage< |nputPixel Type, Dinension> [ nput | mageType;
typedef itk::lmage< InputPixel Type, Di mension> Qut put I mageType;
typedef itk::lnageFileReader< InputlnageType > | mgeReader Type;

| mgeReader Type: : Pointer  reader = | nageReader Type:: New();
reader->SetFil eName ( argv[l1] );

std::cout << "Reading input image : " << argv[1l] << std::endl;
try
{
reader - >Updat e() ;
}
catch ( itk::ExceptionQbject &err )
{
std::cerr << "Exception thrown:
return EXIT_FAI LURE;

}

<< err << std::endl;

/'l Declare the anisotropic diffusion vesselness filter
typedef itk:: AnisotropicDiffusi onVessel Enhancenent | mageFilter< |nputlnageType,
Qut put | mageType> \Vessel nessFilterType;

Il Create a vesselness Filter
Vessel nessFil ter Type: : Pointer VesselnessFilter =

Vessel nessFil ter Type: : New() ;
Vessel nessFil ter->Set | nput ( reader->GetQutput() );

if (argc >=4)

{
Vessel nessFil ter->Set SigmaM n( atof (argv[3]) );
}

if (argc >=5)
{
Vessel nessFi |l ter->Set Si gmaMax( atof (argv[4]) );
}

if (argc >=6)
{



13

Vessel nessFi | t er->Set Number OF Si gmaSt eps( atoi (argv[5]) );
}

if (argc >=7)
{

Vessel nessFil ter->Set Nunber Of I terations( atoi(argv[6]) );

}

Vessel nessFilter->Set Sensitivity( 5.0 );
Vessel nessFil ter->SetWstrength( 25.0 );
Vessel nessFil ter->Set Epsil on( 10e-2 );

std::cout << "Enhancing vessels.........: " << argv[l] << std::endl;
try

{

Vessel nessFi |l ter->Update();

}
catch( itk::Exceptionhject & err )

{

std::cerr << "Exception caught: " << err << std::endl;

return EXI T_FAI LURE;

}

std::cout << "Witing out the enhanced imge to " << argv[2] << std::endl;

typedef itk::InmageFileWiter< CQutputlmageType > | mgeW i terType;
| mageWiterType::Pointer witer = I mageWiterType:: New();

witer->SetFileName( argv[2] );
witer->Setlnput ( VesselnessFilter->GetQutput() );

try
{
writer->Update();
}
catch( itk::Exceptionhject & err )
{
std::cerr << "Exception caught: " << err << std::endl;
return EXI T_FAI LURE,

}

return EXI T_SUCCESS,

std::cerr << "Exception caught: " << err << std::endl;
return EXI T_FAI LURE;

}
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return EXI T_SUCCESS,
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